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Spectral features in CMB energy spectrum contain a wealth of information about the 
physical processes in the early Universe, z < 2 X 10^. The CMB spectral distortions 
are complementary to all other probes of cosmology. In fact, most of the information 
contained in CMB spectrum is inaccessible by any other means. This review outlines 
the main physics behind the spectral features in CMB throughout the history of the 
Universe, concentrating on the distortions wrhich are inevitable and must be present at 
a level observable by the next generation of proposed CMB experiments. The spectral 
distortions considered here include spectral features from cosmological recombination, 
resonant scattering of CMB by metals during reionization which allows us to measure 
their abundances, y-type distortions during and after reionization and ^i-typc and i-type 
(intermediate between fi and y) distortions created at redshifts z > 1.5 X 10^. 
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1. Spectral distortions of CMB 

The remarkable measurement of cosmic microwave background spectrum (CMB) 
by COBE/FIRA&i' showed that the CMB is almost a perfect blackbody with tem- 
perature TcMB = 2.725 ± 0.001 K and was not able to detect any distortions from 
blackbody. However, standard model of cosmology predicts distortions in the spec- 
trum from processes, which heat, cool, scatter and create CMB photons, throughout 
most of the history of the Universe. Many of these processes arc connected with ab- 
solutely new physics. The goal of the present paper is not to list all possible sources 
of distortions from physics beyond the standard model but to point attention to the 
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unavoidable distortions predicted in the standard model. These distortions are small 
but fortunately significant progress in technology in the last two decades permits 
an improvement of 2-3 orders of magnitude over COBE/FIRASP New proposals 
like Pixie pl CoRlPl and LiteBIRE0 promise to detect majority of the unavoidable 
spectral distortions we discuss in this paper. Pixie will be able to make absolute 
measurements as well as measure anisotropics with angular resolution 2.6°. CoRE 
and LiteBIRD will be able to measure only the frequency dependent anisotropics 
with high sensitivity and have proposed angular resolutions of ~ 5' and ^ 30' 
respectively. The detection of these spectral distortions would provide new infor- 
mation about the important properties of the Universe such as reionization and 
formation of first stars and galaxies at redshifts 6 < z < 30, recombination of hy- 
drogen and helium at redshifts z ~ 1100 — 6000 and energy injection at redshifts 
1.5xl0^<z<2xl0^ due to the dissipation of sound waves in the primordial 
plasma. We will also discuss the effect of rapidly cooling baryons and electrons 
leading, under some additional conditions, to Bosc-Einstein condensation of CMB 
photons. 

2. Line features from the epoch of hydrogen and helium 
recombinat ion 

One of the most important phase transitions in the history of the Universe is recom- 
bination of electrons with protons and helium nuclei to form neutral atoms.'^'^The 
standing sound waves, excited by primordial initial perturbations, in the previously 
tightly coupled electron-baryon-photon plasma are frozen into the free streaming 
photon^'21 and are observed today by CMB experiments such as COBE/DMRjli^ 
BOOMERANG,Cs! ACBAR,li3 WMAP,[iS! SPT^ AC^ and many others^ The 
recombination of Helll to Hell at redshift z « 5900, Hell to Hel at z w 2000 and 
HII to HI at z w 1300 is accompanied by release of recombination radiation from 
electrons cascading down to the ground states of recombining atoms. The recombi- 
nation radiation from Ly-a and 2s — Is 2-photon transitions was first mentioned by 
Kurt, Zeldovich and Sunyae^vEl and PeebleJ^^ while DubrovicfPS pointed out the 
importance of (n, n — 1) transitions in hydrogen atoms for the observations of the re- 
combination spectrum. The full recombination spectrum was calculated in Refs I22[ 
[TT] Fig. [1] shows the line profiles for the recombination lines. It is interesting to note 
that for hydrogen most of the recombination photons are emitted significantly earlier 
than the last scattering surface (where the Thomson visibility function is peaked). 
Fig. [2] shows the hydrogen recombination spectrum and Fig. |3] demonstrates con- 
tributions from helium to the total recombination spectrum. The x-axes shows the 
observed frequency today which is redshifted by a factor of ^ 1300 from rest frame 
frequencies and appear today in the radio part of the electromagnetic spectrum. 



more complete list of CMB experiments is available on NASA LAMBDA website, 
|http : //lambda . gsf c ■ nasa ■ gov/product/expt | 
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Fig. 1. Redshift dependence of the brightness of the recombination Hnes from the epoch of hehum 
and hydrogen recombination. For comparison, wo also present the visibility function of the last 
scattering surface corresponding to the formation of the CMB acoustic peaksPHU Figure is taken 
from Ref . El 

Lyman, Balmcr and higher series hnes are easily identifiable. Approximately ^ 5 
photons per hydrogen atom are emitted. Presence of hehum adds additional spec- 
tral features in the recombination spectrum in Fig. |31 these features would provide 
a completely independent measure of primordial helium abundance if the cosmolog- 
ical recombination lines will be detected. Proposed experiment pixieP would have 
the sensitivity to detect the CMB recombination spectrum at 5 — 6fT.'22l 

3. Frequency dependent blurring of CMB anisotropies from 
resonant scattering by metals and a way to measure the 
abundance of metals during the epoch of reionization 

Planck missiorP31 will provide us with sensitive independent measurements of the 
cosmic microwave background (CMB) angular fluctuations in different spectral 
bands. Using just the existing Planck channels, we can find upper limits (and pos- 
sibly a measurement) of the abundance of several important ions, such as 0111, 01, 
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Fig. 2. Spectral features resulting from cosmological recombination of hydrogen at redshift z ~ 
1300. For example, optical Ha line is redshifted to sub-mm spectral band. Figure is taken from 
Ref.lTOl 



CII, Nil etc, at different redshifts. The sensitivity to the presence of metals between 
the last scattering surface (LSS) and us comes from the resonant scattering of the 
primordial angular fluctuations of CMB by atoms and ions in the intergalactic space 
between halos and regions inside halos with density smaller than the critical density, 
when collisions are unimportant.--^ This resonant line scattering by atoms and ions, 
just like Thomson scattering from electrons, blurs the CMB anisotropics on scales 
smaller than horizon, 



AT 



AT 



(fi), (1) 



where | ^ (z^, n) is the observed temperature anisotropy in CMB today in the 
direction fi, ■^Ilss ^^-^ ^^^'^ anisotropy we would see if the optical depth to the 
last scattering surface tlss(i') was zero, i.e. there was no reionization. Formally this 
solution arises as the boundary term in the line of sight integral solution of the first 
order Boltzmann equation of photons .'^'^3 xhe total optical depth has a frequency 
independent part arising from Thomson scattering ,1221 rx ~ 0.087 and a frequency 
dependent part arising from scattering with metals, rxi^)- tx{v) was calculated 
for almost all of the important metal species in Ref. [551 Figure 0] from Refl^ shows 
the total optical depth as well as contributions from individual metal species for 
two different models of ionization and metal production. The effect of the non-zero 
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Fig. 3. Intensity of the recombination lines from the epoch of helium and hydrogen recombination. 
Figure courtesy of Chluba, Rubino-Martin and Sunyaev based on calculations in Ref. 1111 



optical depth to the LSS is to blur the anisotropies, i.e. hot spots become colder and 
cold spots become warmer. The angular power spectrum is suppressed by a factor 
of e"^"^. The best signal to noise in the power spectrum is, of course, obtainable for 
the anisotropies around the first acoustic peak of CMB, around angular wavcnum- 
ber I K 220. We can of course use all CMB fluctuation data below the horizon size 
at the redshift of scattering, £ > 10 — 30 and up to the angular resolution limit of 
Planck I < 2500, to improve the sensitivity. Alternatively, we can stack up all the 
hot and cold spots in the cleanest portions of the sky and measure the difference in 
their temperatures at different frequencies, (AT/Thot/coid('^))- This analysis would 
be similar to the one done by WMAP team to detect polarization generated at 
the last scattering surface.'^ They found 12, 387 hot spots and 12, 628 cold spots 
with rms temperature fluctuation of 83.9 /^K. In our case, the resonant scattering 
of the radiation will decrease the spot brightness of hot spots at the frequency of 
observation, t'obs, if there is significant amount of the corresponding ion at redshift 
(1 + z) = t'ros/fobs, where j/ios is the rest frame frequency of the resonant line. 
Similarly, resonant scattering will decrease the amplitude AT of the cold spots, in- 
creasing their brightness. Fig. |4] shows that resonant scattering is unable to blur the 
fiuctuations at low frequencies, because they correspond to high redshifts (z > 30), 
where there are negligible amount of metals, for the lines of most abundant ions. 
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Fig. 4. Optical depth to the last scattering surface from resonant scattering on metals for the fine 
structure transitions of Nil (205.3 /xm), OI (63.18 /im), OIII (88.36 /^m) and CII (157.74 /im) lines, 
for two different histories of ionization and metal production, are shown. Individual contributions 
are also shown for history A. Figure is taken from Ref 1251 



By comparing the brightness of hot and cold spots at different frequencies, we have 
an opportunity to measure the abundance of ions during the epoch of reionization. 
The analysis is limited not by sensitivity but by calibration error. A detection of 
optical depth of 10"'^ using the hottest and coldest spots with temperature fluctu- 
ation ^ lOOfiK would require a calibration accuracy of ^ 0.01 fiK. Any difference 
between two frequency channels above the calibration error would be due to reso- 
nant scattering and will constrain the presence of metals between us and the last 
scattering surface. Possible limits are shown in Fig. [5] for the most important metal 
species. 
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Fig. 5. Possible limits on metals from Planck if the difference in brightness between lOOGHZ 
channel and 353,217 and 143GHz channels of ~ 0.01 /xK for hot/cold spots with AT = 100 fiK 
(0.01% measurement) will be detected. 



The limits on tlic metal abundance obtained in this way from the blurring ef- 
fect are density averaged limits. Sensitivity of Planck in the HFI channels v = 
100, 143, 217 GHz is - 2.6, 0.7, lA{fiK)'^ respectively at ^ = 220 using just 50% of 
sky for 14 months of operatiorP^ and much better when using all data and averaging 
over all i modes. Planck thus has, in principle, opportunity to get independent upper 
limits to the difference in optical depth to LSS seen by different frequency channels, 
if the frequency channels can be calibrated relatively to each other precisely. The 
most promising method of calibration is by using the orbital dipole of the Planck 
spacecraft. The motion of the earth and Planck satellite in the solar system can 
be measured with exquisite precision. In fact, for the WMAP satellite, the orbital 
dipole is known at a precision of ^ O.lnKpSland it is thus, in principle, possible to 
achieve a calibration precision at the level of 10~^ for the hottest /coldest spots with 
temperature fluctuation of 100 /xK, improving the numbers presented in Fig.[5]by a 
factor of 100! An additional precise source of calibration with well defined spectrum 
is also provided by the y-type distortion quadrupole induced by our motion with 
respect to the CMB.l^SHlIl 
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4. y-type spectral distortions 

The primordial plasma of our Universe is of very low density. Average number 
density of photons exceeds that of electrons by a factor of 10^. Under these circum- 
stances, Compton scattering of radiation on free thermal electrons (taking into 
account Doppler shift of the photon frequency, recoil effect and double Comp- 
ton scattering) is the most important physical process responsible for the inter- 
action of matter and radiation in the Universe. Our Universe is optically thin to 
bremsstrahlung absorption and emission of CMB photon^^H almost up to the time 
of positron-electron annihilation which occurred at redshifts z ^ 10^. 




X 

Fig. 6. j/-typc distortion. Compton scattering of CMB blackbody photons with hot thermal 
electrons up-scatters low frequency photons to higher frequencies.!^ Occupation number n{x) 
multiplied by x^, making it proportional to intensity, as a function of dimensionless frequency 
X = hv/k^T is shown, where T is the temperature of the blackbody spectrum. This effecJSSl has 
been observed by several instruments including Planck, ACT and SPT in the direction of many 
clusters of galaxies. 



The interaction of CMB blackbody photons with temperature T with plasma 
with temperature Tc is described by Kompaneets equation.!^ Kompaneets equation 
is the Fokker-Planck approximation of Boltzmann equation with Compton scatter- 
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Fig. 7. J/- type and ^-type distortions. Difference in intensity from the blackbody spectrum is 
shown. The distortions shown correspond approximately to the COBE/FIRAS limits. Both types 
of distortions shown have the same energy density and number density of photons. Figure from 
Ref.l35l 
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dn 

where we have defined 

(2:, 



dx 



dz 



Te dn 



(2) 



(3) 



meC H{1 + z) 

X = hv/lk-eT) is the dimensionless frequency, h is the Planck's constant, v is fre- 
quency, fee is the Boltzmann's constant. Also, H{z) is the Hubble parameter, ric 
is the electron number density and z,nax is the maximum redshift at which we 
start the calculation. The three terms in the right-hand side brackets in Eq. ([2]) 
describe change in photon frequency due to recoil {Su/u ^ —hv / {meC^){l — cos 9)), 
induced recoil and Doppler effect {{Sv/v)rnis ~ 4fcBT'e/(meC^)) respectively. The 
(induced) recoil and Doppler effects cancel each other if the photon spectrum is 
a Planck/Bosc-Einstcin spectrum with temperature T and To — T, making the 
right-hand side vanish. 

The y-type distortion is the solution of Kompanects equation in the minimal 
comptonization limit, y-^ <^ 1. This solution, in the small distortion limit, is easily 
obtained by approximating the occupation number on the right hand side of Eq. ([2]) 
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by Planck spectrum (ripi = l/(e^ — 1)), and using ripi + npi^ = — The resulting 
differential equation is now trivial to integrate, giving ( for y ^ 



ny{x) = y 



(e^ - 1)2 









-4 







(4) 



where the amplitude of the distortion is proportional to the electron pressure (in 
the limit To ^ T), integrated along the line of sight. 



TTLeC H{1 + z) 



dz 



Ve 



(5) 
(6) 



TOeC H(l + z) 

For constant temperature T^, y is proportional to the integrated Thomson optical 



depth, y ^ 



1.7 X 10- 



. ... , . ^„ ^'TcT. If total energy injected into CMB is AE/E-y, 
where E^ is the energy density of CMB, then the y-type distortion is given bjJ^ 
y = {1/A)AE/E~f. Eq. ([5]) also shows that we have a positive distortion for Tc > T 
and a negative distortion for Tc < T. y-type distortion is shown in Figs. [6] and [7] 



4.1. y-type distortions from reionization and WHIM 

Present observations indicate that the Universe was reionized between redshifts of 
6 ^ ^ ^ 2(P^ when the first stars and galaxies flooded the Universe with ultraviolet 
radiation. The ionizing radiation also heated the gas to temperatures well above the 
CMB temperature, with the electron temperature in the ionizing regions To - 10'' K. 
Late time structure formation shock heated the gas to even higher temperatures,'^ 
10^ <Tc< 10"^ K, creating warm-hot intergalactic medium (WHIM) .1221 The optical 
depth T to the last scattering surface is well constrained by CMB observation^^!] to 
be T « 0.087 ± 0.014 assuming ACDM cosmology. Thus if « lO'' K, we expect 
y ^ 10~^. However if significant fraction of baryons end up in WHIM at z < 3 
as expected from recent simulations,'^'^ we expect the y-distortions from WHIM 
to dominate over those from reionization.'Sl In any case, these distortions would 
be easily detected by pixieP and next generation CMB experiments like CoRE,!^ 
ACTPoPland SPTPoP^ should also be able to detect the fluctuations in the y-type 
distortions from WHIM. Rate of y-type distortion injection with redshift is shown 
in Fig. |8] for a simple model where reionization happens between 8 < z < 15 and 
density average temperature free electrons is assumed to be To = 10^ K for z > 3 
and Tc = 10^/(1 + zf-^ K at z < 3.1^ The contribution from WHIM to the y-type 
distortions dominates over those from reionization in this model. 



4.2. y-type distortion from averaging of blackbodies in our CMB 
sky 

The temperature of CMB in the sky is not constant but is a function of direc- 
tion. The most significant anisotropy comes from our peculiar motion with respect 
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Fig. 8. Sky averaged thermal y-type distortions created after recombination. Initially the gas is 
colder than the CMB because non-rclativistic baryons cool faster as To oc (1 + z)^ compared to 
photons T oc (1 + z)li2l[lllllll Once first stars form and reionization starts, gas is heated above the 
CMB temperature and much larger positive y-type distortions are created. dy/dln(l + z) is plotted 
which is approximately equal to the y-type distortions created in redshift interval Sz ~ z. It is 
likely that the y-type distortions from WHIM would dominate over the reionization contribution. 
This figure is taken from Ref 1351 



to the CMB rest frame (i.e the frame in which the CMB dipole is zero). Our pe- 
cuhar velocity or equivalently the CMB dipole seen in our rest frame was mea- 
sured very precisely by COBEP and WMApl^II experiments and has the amplitude 
ATdipoic3.355 ± 0.008 mK,v/c ~ 1.23 x 10^'^. In addition, there are small scale 
anisotropics of amplitude 10 fiK in the microwave sky due to the presence of pri- 
mordial density perturbations. If we average the CMB intensity over all angles or 
part of the sky, either explicitly to improve sensitivity or because of the finite beam 
of the telescope, we will inevitably mix the blackbodies of different temperatures. It 
was shown in Ref. |46] that mixing of blackbodies gives rise, at lowest non vanishing 
order, to a y-type distortion and that the thermal y-type distortion from comp- 
tonization is just superposition of blackbodies. This result is quite general and is 
also applicable if the source of electron motion is not thermal but kinetic, i.e. there 
is a J/- type distortion arising from peculiar motion of baryons. As a simple example, 
superposition of two blackbodies with temperatures T ± AT is shown in Fig. [9] (in- 
tensity) and Fig. [TOl (effective temperature). The resulting spectrum after averaging 
can be recognized as a blackbody with higher temperature T (l + with a y- 
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0.1 1 10 

X 

Fig. 9. Spectrum resulting from averaging two blackbodies with temperatures T ± AT. We have 
used large value of AT to make changes visible, but have used formula with only lowest order 
non- vanishing correction to the blackbody spectrum valid for small distortions. We have plotted 
intensity (up-to a numerical constant), n(x)x^ oc 1,^. Figure taken from Ref l44l 

type distortion of amplitude (■^)^ /2.S31E2lFor the dipole anisotropy in our sky, we 
get y « 2.5 x 10~^ and averaging of the rest of the smaller scale anisotropies (with- 
out dipole) contribute ?/ « 8 x 10"^". The y-type spectrum provides, in principle, a 
high precision source to calibrate CMB experiments.'^ 

5. /i-type distortions 

The thermal capacity of electrons and baryons is negligible in comparison with that 
of photons and Compton interaction rapidly establishes a Maxwellian distribution 
of electrons with temperature defined by the radiation (photon) ficld.'^'^ If 
the spectrum of photons is Bose-Einstein spectrum then the equilibrium electron 
temperature is exactly equal to the radiation temperature. The other way around, 
timcscale for the establishment of equilibrium Bose-Einstein spectrum for photons 
through Compton scattering is comparatively much longer compared to the age of 
the Universe at redshifts z < 2 x 10^, see Fig. [Til and the discussion below. 
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Fig. 10. Same as Fig. |9] but effective blackbody temperature defined by n(i>,T^^') = 
hv/{kgT ff) — J" plotted. Figure taken from Ref l44l At high redshifts y-y becomes significant (see 
Fig. 111! Eq.O and comptonization converts y-typc distortions created by the mixing of blackbodics 
to intcrmcdiatc-typc (or j-typc) and ^-type distortions. 

Bose-Einstein spectrum with chemical potential parameter /J^ and temperature 
Tc, UBE = i/(e'''^/('^BTe)+M _ 1) = ;L/(gxT/T<,+M _ jg ^-j^g equilibrium solution of 

the Kompaneets equation, as can be readily verified by substituting it in Eq. 
The reference temperature T now corresponds to a blackbody spectrum with same 
number density of photons as the Bose-Einstein spectrum, and the factor T/Tc is 
there because we have defined the dimensionless frequency x with reference to T. 
For small distortions, /x 1 we can expand the Bose-Einstein spectrum around the 
reference blackbody giving /i-type distortion, usinJ^To/T — 1 = /i/2.19 , 

= (^TTIf (239 " ■ 

The intensities of y and //-type distortions are plotted in Fig. [T] yU parameter is 
related to fractional energy injected into CMB bjl^l^ fi = 1A/S.E/E^. 

The /.t-type distortion is thus the solution of Kompaneets equation in the satu- 
rated comptonization limit, for j/-y 3> 1. The function y-y(0, Zjnj) is plotted in Fig. 1111 
If y-y > 1, comptonization is very efficient in establishing a Bose-Einstein spectrum 



Our definition of fj, is equivalent to the negative of the usual statistical physics chemical potential 
divided by temperature, making it dimensionless and we will call it chemical potential parameter. 
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Fig. 11. The Compton parameter y-/, Eq.[3l is plotted. At z > 10^ y-y > 1 creating a Bose-Einstein 
spectrum, unlike the amplitude of distortion y which is always smaller than unity (as verified by 
COBE/FIRASI). This figure is taken from Ref 1351 

if energy is injected at redshift Zjnj , while for <^ 1 only a y-type distortion can be 
created from the heating or cooling of CMB. We should note that, on the contrary, 
the y-parameter in Eq. ([5]) describes the amplitude of injected energy/y-type dis- 
tortion and is always much smaller than unity for the physical processes considered 
in this paper. 

5.1. Negative y and fi distortions from Bose-Einstein 
condensation of CMB 

It was recognized long agcP^ that in the early Universe, when baryons and photons 
are tightly coupled, photons must transfer energy to baryons to keep them in equi- 
librium (until z ^ 500), as baryons cool adiabatically faster (Tc oc (1 + z)^) than 
radiation (T oc (1 -f z)) with the expansion of the Universe. This is simply because 
baryons are non-relativistic with adiabatic index of 5 /3 compared to the adiabatic 
index of 4/3 for the relativistic photon gas. This (small) cooling of CMB gives rise to 
spectral distortions (y, fi and intermediate-type) which are exactly the negative of 
the distortions caused by the heating of CMB. Figure fT2l shows the y-type distortion 
resulting from cooling of CMB. The fi-typc distortion resulting from the cooling of 
CMB is shown in Fig. [13] along with a positive distortion resulting from an equiv- 
alent amount of heating. There is however one very important physical difference 
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Fig. 12. The negative j/-type distortions resulting from cooling of CMB. The expected magnitudes 
of y and fj, parameters for CMB is shown in rod in Tables [T] and [2] Figure from Ref. 1441 



between heating and cooling of CMB. The coohng of CMB results in excess num- 
ber density of photons compared to the blackbody radiation with the same energy 
density, and this can be recognized as the condition for Bosc-Einstein condensation 
of photons to happen.'^'sni In the case of CMB, of course, the condensing photons, 
moving to lower frequencies due to stimulated scattering and recoil effect, are effi- 
ciently destroyed by bremsstrahlung and double Compton absorption,'^'^ and no 
actual photon condensat^^ is formed. 



6. Beyond /x and y: Intermediate-type distortions 

The y-typc distortions are created at redshifts z < 1.5 x 10^,?/^ < 0.01, when 
the comptonization is minimal. At z > 2 x 10^, the Compton parameter y-y ^ 2 
and we get /i-type distortion, which is the solution of Kompaneets equation, Eq. 
([2]) in the saturated comptonization limit. The energy injected between redshifts 
1.5 X 10^ ^ ^ 2 X 10'' is only partially comptonized as the Compton parameter 
is 0.01 < j/7 < 2, see FiglHJ The spectrum created from energy injection in this 
redshift range is therefore in between y-type distortion (minimal comptonization) 
and a fi-typc distortion (saturated comptonization). Figure [T4l shows the spectrum 
that would be obtained if energy is injected at redshifts corresponding to different 
y-y parameters. In practice, energy is more likely to be injected continuously over 
a redshift range rather than instantaneously at a single redshift and we expect the 
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The negative ^-type distortions resulting from cooling of CMB. The expected magnitudes 
fi parameters for CMB is shown in red in Tables [l] and [2] Figure from Rcf . 1441 



observed spectrum to be a linear superposition (with appropriate weights) of the 
distortions for different values of y-y . Since the intermediate-type spectrum depends 
on the redshift of energy injection, there is additional information here compared 
to ?/,/x-type distortions which only remember the total energy injected and not the 
exact time of energy injection. The rather simple behavior of the intermediate-type 
distortions with respect to energy injection redshift opens up the possibility to mea- 
sure the redshift dependence of the energy injection rate. For example, in case of 
Silk damping or dark matter annihilation we expect the energy injection rate is a 
power law in redshift, dQ/dz cx (1 -I- z)" and with intermediate-type distortion we 
can measure the parameter a and thus the spectral index of primordial power spec- 
trum. Combining intermediate-type distortions and /i-type distortions also allows 
to distinguish between a power law energy injection and exponential dependence 
of energy injection rate on redshift expected from particle decay. Intermediate-type 
distortions are explored in detail in Ref. 1351 



7. Blackbody photosphere of the Universe 

The blackbody spectrum of CMB is created dynamically in the early Universe, 
initially because of the complete thermal equilibrium between photons and elec- 
trons/positrons (and other particles at even higher redshifts) through pair creation 
and annihilation and brcmsstrahlung. Subsequent adiabatic expansion of the Uni- 
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Fig. 14. Intermediate-type distortions are shown for different values of Compton parameter 
iy~f,Zinj) = (0.01,1.56 X 10*), (0.05, 3.33 x lO*), (0.1, 4.67 x 10*), (0.2, 6.55 x 10*), (0.5, 1.03 x 
10^), (1, 1.45 x 10^), (2, 2.04 x 10^). Figure is taken from Ref.l35l 

verse preserves the blackbody spectrum, except small BEC effects described in sec- 
tion lS.ll above. Once pair production becomes inefficient a.t z ^ 10* — 10^, double 
Compton scattering O 7+7+e^) and brcmsstrahlung [Z+e^ O j+Z +e~) 

become the dominant mechanism of photon absorption and emission at low frequen- 
cies while Compton scattering (7 + e~ o 7 + e~) efficiently redistributes photons in 
energy (comptonization) . The redistribution of energy among the available photons 
by comptonization establishes a Bose-Einstein spectrum with a chemical potential 
parameter at z > 10^ while emission/absorption of photons by double Compton 
and brcmsstrahlung drives the chemical potential parameter to zero at z > 10^ 
creating a Planck spectrum. 

Understanding the creation of the blackbody spectrum therefore requires solving 
Kompanccts equation,'^ describing comptonization, with source terms arising from 
bremsstrahlung and double Compton scattering.'S^llMI A quite accurate solution to 
this partial differential equation for comptonization with a source term responsible 
for emission and absorption of photons was found analytically in Ref. 1511 Although 
Ref. l51l onlv considered brcmsstrahlung as the emission/absorption mechanism, the 
double Compton scattering cross section is similar enough to brcmsstrahlung that 
their method of solution could be applied immediately to the double Compton 
scattering also. This was done in Ref. 1621 for a low baryon density Universe such as 
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Fig. 15. Comparison of Silk damping (heating) and Bosc-Einstcin condensation (cooling) rates 
in standard cosmology. Also shown is the blackbody visibility function defining the blackbody 
photosphere, where the distortions from the blackbody are exponentially suppressed (see section[7] 
for details) . Since heating of photons from electron-positron annihilation happens deep inside the 
blackbody photosphere, the photon spectrum hardly deviates from a blackbody even though the 
comoving energy density of photons is more than doubled. This situation is to be contrasted with 
neutrinos, heating of which due to electron positron annihilation is just 1% but it results is signif- 
icant deviations from a Fermi-Dirac distribution which are important for big bang nucleosynthesis 
(BBN).E3E11 Also shown is the nuclear binding energy released during helium production in BBN 
calculated using Kawano's modificatiorPSl of Wagner's code.l^ 



ours, where double Compton scattering dominates over bremsstrahlung. Recently 
corrections to this solution were computed in Ref. [63] and a solution with an accu- 
racy of 1% including both bremsstrahlung and double Compton processes was 
presented. The solution describes the evolution of the chemical potential parameter 
of the Bose-Einstein spectrum created at redshift z and is given by 

= 0) = fi{z)e^'^ 

5/2' 



T{z) 



l + z 
1 + ^dC 



(8) 



where, Zdc ~ 1-96 x 10^ defines the blackbody surface, behind which is exponen- 
tially suppressed. The Bose-Einstein spectrum with the effect of this exponential 
suppression of chemical potential at low frequencies is shown in Fig. 1161 The precise 
analytic solution for the blackbody visibility function derived in Ref. [63l Q = e~^, 
including the effects of bremsstrahlung and double Compton, is plotted in Fig. [131 
curve 'd'. Thus any perturbations away from the Planck spectrum arc suppressed 
exponentially at z > 2 x 10^. The electron-positron annihilation at z ^ 10^ — 10^ 
more than doubles the entropy and energy in photons, but the deviations resulting 
from the Planck spectrum never rise above a tiny value of ^ 10"^^®.'^ This demon- 
strates how difficult, almost impossible, it is to create deviation from the Planck 
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Fig. 16. This is the ancient way to describe the shape of the /i-type distortions including the 
low frequency part where bremsstrahlung and double Compton effects create Rayleigh-Jeans spec- 
trum with temperature equal to the electron temperature defined by the interaction with ^-typc 
radiation field!^ 

spectrum at z > 2 x 10^, in the blackbody photosphere. 
8. Energy release in the early Universe 

8.1. Spectral distortions from Silk damping: A view of inflation 
spanning 17 e- folds! 

Primordial adiabatic perturbations excite standing sound waves on entering the 
horizon in the early Universe in the tightly coupled electron-baryon-photon 
On small scales there is shear viscosity and thermal conductivity in 
the fluid which dissipates the energy in sound waves, suppressing the fluctua- 
tions Microscopically, photon diffusion through the plasma creates a local 
quadrupole, which is dissipated by shear viscosity, and relative motion between the 
photons and baryons creates a local dipolc, which is dissipated by thermal con- 
duction or Compton drag. This Silk damping of primordial fluctuations is already 
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Fig. 17. Spectral distortions can deliver 7 additional e-folds extending our view of inflation from 
6 (at present) to 17 e-folds. Constraints on the primordial power spectrum of initial curvature 
perturbation P{k) from CMlJi^Jt^ and Ly-a observations of SDSi^^l^ are shown along with 
current constraints from COBE spectral distortion measurement and future constraints from 
the proposed experiment Pixie.El 



observed by current CMB experiments SP'rfi^and ACli^Slwith high precision. The 
power which disappears from the fluctuations appears in the average CMB spec- 
trum or monopole as y, /i and intermediate-type spectral distortion.'^'^'^'snHlll 
In Fig. I15[ Heating rate of CMB from sound wave dissipation is compared with 
coohng due to energy transfer to baryons for several different power spectra al- 
lowed by current CMB data.'^Sl It is interesting to note that the cases where cooling 
dominates over heating for //-type distortions are still allowed if there is non-zero 
running of the spectral index, although for most of the region of parameter space 
heating dominates over cooling. These distortions can be added together linearly 
since they are very small, fi-typc and intermediate-type spectral distortions are cre- 
ated by dissipation of modes with comoving wavenumbers 8 < fc < 10*^ Mpc^^. 
Most of this range of scales is inaccessible to any other cosmological probe. When 
combined with the information from CMB anisotropics and large scale structure, 
this gives us a view of inflation spanning 17 e-folds compared with 6 — 7 e-folds 
(4 X 10~^ Mpc^^ ^ k < 0.2 Mpc^^) without the spectral distortions, as depicted 
in Fig. 1171 CMB spectral distortions arc thus measuring the primordial power spec- 
trum on extremely small scales and are very important to our understanding of 
the physics of initial conditions. Possible constraints from PIXIE are shown in Fig. 
[TSl Recently precise calculations of these distortions were done in Ref. |47] including 
previously ignored effects such as second order Doppler effect and fitting formulae 
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Fig. 18. Possible constrains with PIXIE on spectral index and its running. 1 — 5ct limits are shown 
along with the 1 — a limits if the sensitivity of PIXIE is improved by a factor of 2 — 10. Best fit 
parameters from WMAPpH ACirfSSl and are also shown. Figure is taken from Ref. 1471 

for y and /x-type parameters were also provided. Distortions for several other non- 
standard and general initial conditions were calculated in Refs.[731[7S]and the effect 
of non-Gaussian initial conditions on /i — T correlations was pointed out in Refs. I76[ 
[771 

8.2. A census of unavoidable /it and y-type distortions in standard 
cosmology 

A census of unavoidable /i and y-type distortions in standard cosmology is given 
in Tables [1] and [2l Public codes KYPRIJ<[2Sl and CosmoThernP3 are now available 
to calculate the evolution of CMB spectral distortion by numerically solving the 
Kompaneets equation with bremsstrahlung and double Coinpton terms, starting in 
the blackbody photosphere at 2 > 2 x 10^. Many of the processes shown in Tables 
[T] and [2] were first calculated in Ref. [371 The CosmoTherm code also includes high 
precision calculations of Silk damping and other important cases of energy injection. 
A fast and precise Mathematica code to calculate spectral distortions for user- 
defined energy injection rates, taking advantage of the analytic solution described 
above and pre-computed numerical templates described in the next section, is also 
publicly available[l. 



Ihttp : //mm . mpa-garchlng . mpg ■ de/- khatr i/idistort ■ html | 
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We stress here again the importance of blackbody photosphere, see Fig. [151 The 
CMB spectrum does not carry any information about even strong energy injection 
deep inside the blackbody photosphere. Any injected energy behind the blackbody 
surface, z > 2 x 10^ is almost completely thermalized without any observable traces 
in the CMB spectrum. The best example of the strength of equilibrium restoring pro- 
cesses (Compton and double Compton scattering, bremsstrahlung) at high redshifts 
is the huge energy release, AE/E ^ 0(1), from electron positron annihilation. The 
resulting deviations from the complete equilibrium (blackbody. To = T7 = Tlons) 
even in this extreme case are just 10~^^^!. 



Table 1. Census of distortions in standard cosmology. 
The adiabatic cooling of matter results in negative distor- 
tions shown in red. Table is taken from Ref. 1631 



Process 




electron-positron annihilation 
BBN tritium decay 
BBN ^Bc decay 
WIMP dark matter annihilation 

Silk damping 
Adiabatic cooling of matter and 
Bose-Einstein condensation 


2 X 10-15 
10-16 
3 X 10-» f-y io<3ov 

10-8 - 10-9 

-2.7 X 10-9 



Table 2. Census of y-type distortions in standard cosmology. j/-type 
distortion from the mixing of blackbodies in our CMB skjEI are also 
shown. Adiabatic cooling of matter creates negative distortions shown 
in red. Reionization/WHIM contributions after recombination dominate. 
Table is taken from Ref. 1631 



Process 


y 


WIMP dark matter annihilation 

Silk damping 
Adiabatic cooling of matter and 
Bose-Einstein condensation 
Reionization /WHIM 
Mixing of blackbodies: CMB e>2 multipoles 


6x 10-i"/7 

' mwiMP 
10-8 - 10-9 

-6 X 10""' 
10"'^ - 10"^ 
8 X 10^1" 



8.3. Constraining new fundamental physics with spectral 
distortions 

Most of the talk has been concentrated on spectral distortions expected in stan- 
dard cosmology. The physics beyond the standard model provides numerous new 
possible sources of heating for CMB. In particular, it is clear from Tables [1] and 
[2] that in standard cosmology we expect fi and intermediate-type distortions with 
amplitude 10"** — 10"^. A distortion of larger magnitude, if detected, would thus 
undoubtedly be a signal of new physics. In addition, the most important standard 
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source of energy injection, Silk damping, has a power law dependence on redshift, 
resulting in almost equal amount of energy in ^-type and intermediate-type distor- 
tionP Thus if one of the /i-typc or intermediate type distortion is stronger than 
the other, it would again signify new physics. Some of the possible sources of energy 
injection from new physics are dark matter decay and annihilatioUjl^SHII] decay of 
cosmic strings and other topological defects, cosmic string wakes and oscillating 
superconducting cosmic strings ,12211111 photon-axion inter-conversion,'^'Sll violation 
of reciprocity relation,'^ dissipation of primordial magnetic fields,'^ quantum wave 
function collapse,'S2l and evaporating primordial black holesl^Sl 

9. The future looks good for CMB spectroscopy 

Three proposed next generation CMB experiments PIXIEjI^lcOrEpland LiteBIRE0 
would have the sensitivity to detect most of the spectral features considered in this 
review. Current specifications of PIXIE, in particular, with 400 frequency channels 
and absolute calibration, are optimal to detect global y, fi and intermediate-type 
distortions. COrE and LiteBIRD would have the sensitivity and angular resolution 
to detect metals during the epoch of reionization and angular fluctuations in the 
y-typc sky from warm hot intergalactic medium. In the near future, therefore, we 
expect many interesting results from observations of the spectral features in the 
CMB. 
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